
THAT ARALILULILULUTO US009864698B2 

( 12 ) United States Patent 
Gheith et al . 

( 10 ) Patent No . : US 9 , 864 , 698 B2 
( 45 ) Date of Patent : Jan . 9 , 2018 

( 54 ) RESOLVING CACHE LOOKUP OF LARGE 
PAGES WITH VARIABLE GRANULARITY 

( 56 ) References Cited 
U . S . PATENT DOCUMENTS 

@ ( 71 ) Applicant : International Business Machines 
Corporation , Armonk , NY ( US ) 

@ ( 72 ) Inventors : Ahmed Gheith , Austin , TX ( US ) ; Eric 
Van Hensbergen , Austin , TX ( US ) ; 
James Xenidis , Cedar Park , TX ( US ) 

6 , 594 , 734 B1 7 / 2003 Kyker et al . 
7 , 937 , 535 B2 5 / 2011 Ozer 
8 , 140 , 764 B2 3 / 2012 Shen et al . 
8 , 327 , 112 B2 12 / 2012 Stecher 

2005 / 0022065 A1 * 1 / 2005 Dixon . . . . . . . . . . . . . . . . . . . GOOF 11 / 106 
714 / 42 

2009 / 0077366 A1 * 3 / 2009 Brown . . . . . . . . . . . . . . . . . . . . . . GO6F 8 / 63 
713 / 2 

2009 / 0182976 A1 * 7 / 2009 Agesen . . . . . . . . . . . . . . . GO6F 12 / 1009 
711 / 207 

2009 / 0288078 A1 * 11 / 2009 Makonahalli . . . . . . . . . . . . GO6F 8 / 60 
717 / 174 

( Continued ) 

@ ( 73 ) Assignee : INTERNATIONAL BUSINESS 
MACHINES CORPORATION , 
Armonk , NY ( US ) 

@ ( * ) Notice : Subject to any disclaimer , the term of this 
patent is extended or adjusted under 35 
U . S . C . 154 ( b ) by 830 days . OTHER PUBLICATIONS 

( 21 ) Appl . No . : 14 / 071 , 321 
( 22 ) Filed : Nov . 4 , 2013 

( 65 ) Prior Publication Data 
US 2015 / 0127767 A1 May 7 , 2015 

( 51 ) Int . Ci . 
G06F 15 / 16 ( 2006 . 01 ) 
G06F 12 / 1009 ( 2016 . 01 ) 
G06F 12 / 1072 ( 2016 . 01 ) 

( 52 ) U . S . CI . 
CPC . . . G06F 12 / 1009 ( 2013 . 01 ) ; G06F 12 / 1072 

( 2013 . 01 ) 
( 58 ) Field of Classification Search 

CPC . . . . . . . . . . . . . GO6F 12 / 1009 ; G06F 12 / 1072 ; H04L 
29 / 08549 ; H04L 67 / 1008 ; H04L 67 / 2847 ; 

HO4L 67 / 2885 
USPC . . . . . . . . 709 / 214217 , 245 
See application file for complete search history . 

Peir et al . Bloom filtering cache misses for accurate data speculation 
and prefetching , Proceedings of the 16th international conference on 
Super computing , 2002 , 189 - 198 . 
Primary Examiner — David Lazaro 
Assistant Examiner — Berhanu Shitayewoldetsad 
( 74 ) Attorney , Agent , or Firm — Garg Law Firm , PLLC ; 
Rakesh Garg ; Mercedes L . Hobson 
( 57 ) ABSTRACT 
A method , system , and computer program product for 
resolving cache lookup of large pages with variable granu 
larity are provided in the illustrative embodiments . A num 
ber of unused bits in an available number of bits is identified . 
The available number of bits is configured to address a page 
of data in memory , wherein the page exceeding a threshold 
size , and the page comprising a set of parts . The unused bits 
are mapped to the plurality of parts such that a value of the 
unused bits corresponds to existence of a subset of the set of 
parts in a memory . A virtual address is translated to a 
physical address of a requested part in the set of parts . A 
determination is made , using the unused bits , whether the 
requested part exists in the memory . 

20 Claims , 7 Drawing Sheets 

LARGE 
PAGE 
402 UNUSED BITS AS BITMASK 

REPRESENTING DETERMINISTIC 
AVAILABILITY OF PARTS OF A 
LARGE PAGE IN MEMORY 

404 eportisti 
tutti terror www 

- 

ri 

r 

24 Lor Cior heir ?i - 
wint 

0422 - 1420 0418 
therapie 

1 416 PART 
406 

d 4 with white er tter rimaria . we inteinering wwwrrry tubuh 
- 44HHHHH twi Ferr 

P 

- 
- with the deepest 

r w 

with www er 
wir 

. . 

. . oppo 
- - 

- - - - - inti 
- this hver 

- www . 
l Centre cridhi 

View 
e * 

d PART 
410 

maria 

ARAW 
brand 
- - 
04R - pani - 

paniwa Wakiwa tanaman win 
www . h 

T ber - 
- 

RHU 
- 

- 

- - Verein * 

- 

is . 
A * * wp start 

prima 
in 

hat . R 
i ateikti 

. 

w de p SH 
ww win 

verir www Atter Pwed busrutiesti pier With Tierheit WWW 
w 



US 9 , 864 , 698 B2 
Page 2 

( 56 ) References Cited 
U . S . PATENT DOCUMENTS 

2010 / 0269024 A1 * 10 / 2010 Hao . . . . . . . . . . . . . . . . . HO3M 13 / 51 
714 / 777 

2011 / 0173411 A1 7 / 2011 Chen et al . 
2012 / 0297161 AL 11 / 2012 Champagn 
2012 / 0331265 Al 12 / 2012 Rozario et al . 
2013 / 0019080 AL 1 / 2013 Levinsky et al . 
2013 / 0111132 A1 * 5 / 2013 Zheng . . . . . . . . . . . . . . . . . GO6F 12 / 0802 

711 / 119 
2013 / 0117531 A1 5 / 2013 Grochowski et al . 
2014 / 0189192 A1 * 7 / 2014 Raikin . . . . . . . . . . . . . . . . GO6F 12 / 1027 

711 / 3 

* cited by examiner 



FIG . 1 

U . S . Patent 

100 
MODIFIED PAGE REFERENCE ARCHITECTURE 105 / 

CLIENT 114 

Jan . 9 , 2018 

SERVER 104 

NETWORK 102 

CLIENT 110 

Sheet lof7 

STORAGE 108 

CLIENT 112 

| US 9 . 864 , 698 B2 

SERVER 106 



FIG . 2 

U . S . Patent 

200 

PROCESSING UNIT 206 

Jan . 9 , 2018 

GRAPHICS PROCESSOR 210 

NB / MCH 202 

MAIN MEMORY 208 

= AUDIO ADAPTER 216 
ER 

Sheet 2 of 7 

BUS 240 
“ 

SB / ICH 204 

BUS 238 ” 

DISK 226 

CD - ROM 230 

USB AND OTHER PORTS 232 

| ?? | 

PCI / PCle DEVICES 234 
KEYBOARD AND MOUSE ADAPTER 220 

MODEM 222 ? 

ROM 224 

NETWORK ADAPTER 212 

US 9 , 864 , 698 B2 



TLB 

FIG . 3 

U . S . Patent 

302 VIRTUAL ADDRESS 304 

PHYSICAL ADDRESS 306 

SIZE 308 
FLAG 310 

SMALL PAGE ADDRESS 316 

312 

wwwwwwwwww . e . g . 32 bitsuman 

316 

12 bits 

( ADDRESSING WITHIN AK PAGES 

Jan . 9 , 2018 

- - 20 bits mu ( REMAINING FOR PAGE NUMBERING ) 

320 

C 

LARGE PAGE ADDRESS 320 

e . g . 32 bits 

Sheet 3 of 7 

- 20 bits ( AVAILABLE FOR PAGE NUMBERING ) 16 bits 
( NEEDED TO ADDRESS e . g . , 64 K PAGE ) 

4 bits 

EXTRA 4 BITS FOR LARGE PAGE PARTS RESOLUTION 322 

US 9 , 864 , 698 B2 



U . S . Patent 

FIG . 4 

LARGE PAGE 402 

UNUSED BITS AS BITMASK REPRESENTING DETERMINISTIC AVAILABILITY OF PARTS OF A 
LARGE PAGE IN MEMORY 

* * * * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* 

* * * * 
* 

* 
* 
* 

* * * 

* * * * * 

* * * * 

* * * * * 

* * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * 

* * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * 

* * * * * * * * * * 

* * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * 

* * 
* 

* 

* 

* * * 
* * * * 

* * * * 

* 

* * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * 

* * * * * * * * 

* 

* * * * 

* * * * * * * 

* * * 

* * * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * 
* 
* 
* 
* 
* 
* 
* 
* * 

* * * * * 

* * 

* * * * * * * * * * * * 

404 

* * 

* * * 

* 

* * 

* 

* * * * 

* * 

* * * * 
* 

* * * * * * * * * * * * 

* 

* * * * * * * 

* 
* * 

* * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Jan . 9 , 2018 

* * 

* * 

* * * * * * * * * * * * 

* 
* 
* 
* 
* 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* 
* 

* * * * * * * 

0422 

1 4200 

418 

1 416 

* * * * * * * * * 

* 
* 

* * * * * 

* 
* 
* 

* 
* 

* 

* 

* * 

* * * * * * * * * 

MU 
* * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * 

PART 406 

PART 408 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * 

* * * * * 
* 
* 

* 
* 

* * * * 

ürünüriini 

* * * 

* 

* 

* * * 

iniiniiniin ririnin 
* * * * 

* 

* * 

* * * * * * * * * * 

* * * * 

iiii 
i 

i 

n 

* 

* * 

i 

* * * * * 

Fruiriini 

* * 

* 
* 

* * * * * 

* * * * 

* 

* * * * * * 

* * * * * * * * * 

* * * * * * * * 

r 

* 
* 

* * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * * 

* * * * * * 

* 
W 

* * * * * * * 

* * * * 

W 

* * 

W uri Xininin nurtunu * * * * * * 

Sheet 4 of 7 

n 
* * * 

* * * * * 

* 

Uniriiriürütürürütürürtürürsürünürününürününürü 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * 

* 

* * * * ürününürütürsürünürününün * iiiiiiiiiiiiiiiiiiii iriririririri 
* * * * * * * * * * * 
* 

* * * * * * ürünü 

* * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 

urinirinin iniiniiniinin * * * * * * * * * 
* * * * * 

* 

iriririnin 
* * * * * * * * * * * * * * * * * * * * * 

i 
inii 

* * * * * * * * 

unu 

* * * * * 

* 

* 

* 

* 

* * * * * * * * * * * * * * * 

* * * 

* * 

* 

* 
* * 

* 
* * 
* 

* 

* * 
* * 

* * * * * * 

* 

ürürüm 
* * * * * 

* * 

* * 

* * * ÜRÜürününü 

* * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* 

ürünü ürünü 

* * * 

rürüm 

* * * * 

* * * * * 
* 

* 

* * * * * * * * * * * * * * * * * 

rümüüüüürününü ürümüüriiiiiiiiiiiiiiümünü * * 
* 

* * * * * * * * * * * * * * * * 
* * * * * * * 

ürünür ürününürürt 

* 

* * * * 
* 

* * 

* * 

* * 

ürünü ürününürsürünürününün 
* * * * 
* * * * * 

* * 

* * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * 

* * * * * ÜRÜrünü 

* * 

* * * * * * * * * * * * * * * * 

* * * * * * * 

* * * * * ÜRÜürütürürümünürününürünün inirinin intinerirünürününürününürününün siriririririririri * * * * * * * * 
* * 

* 

* * * * * 

* 

* * 
* * * * * * 

Criniintindihin ninunürününürününürününürününirininin hürününürümüürürümü ürünü erinin intineririnin ürününününürününürününürünürününürününününü 
* * * * * 

* * 
* 

* 

* * 

ni 

* * * * * * 

* * * 

* * * * * * * * * 

* * * * * * * 

* * * * * * 

PART 410 

iririri niin ruiriinirii 
PART 412 

* * * * * * * * * * * * * * 

* * * * 
* 

* * * * * 

* 
* 

* * * 

UUUUUUUUUUUUUUUUUU * * * * * 

* * * Uürününürtürüntünün 
* UUUUUUUU 

* * * 

* * * * * * 
* * * 
* 
* * 

m iiiii 

* * 

* * 

iiiii iiiiiii i 

* * * i MMMMM 
úru * * 
* * 

* 

riiu 

* * * * * * * * * 

ürününün runtur 

uuri úrununununun 

* * 

ü nünürurunu 
* vinnunrurururunur 

ür uuriruu 
* * * * * 

i 

r 

wir 

US 9 , 864 , 698 B2 



U . S . Patent 

FIG . 5 

UNUSED BITS AS BLOOM FILTER REPRESENTING PROBABILISTIC AVAILABILITY OF PARTS OF A LARGE PAGE IN MEMORY 504 

LARGE PAGE 502 
000000 

Jan . 9 , 2018 

OOOC 
. . . . . . 

000000 
C 

2000 

Sheet 5 of 7 

. . . . 

. 

. . 

. 

. 

. . 

000 

OOO 

. . . . . . 

US 9 , 864 , 698 B2 



START 

FIG . 6 

U . S . Patent 

600 600 

RECEIVE A VIRTUAL ADDRESS 602 

USE THE SMALL PAGE 606 

YES 

MATCHED TO A SMALL PAGE 
ADDRESS ? 604 

Jan . 9 , 2018 

NO MATCHED TO A LARGE PAGE 
ADDRESS ? 

Sheet 6 of 7 

608 YES 

PERFORM A SMALL PAGE LOOKUP FIND / FETCH 

NOT PRESENT / MISMATCH 

BLOOM FILTER RESPONSE ? 610 

- PRESENT 

USE THE PART 612 612 

614 

US 9 , 864 , 698 B2 

END 



FIG . 7 

700 

RECEIVE A VIRTUAL ADDRESS 702 

START 

U . S . Patent 

H 

USE THE SMALL PAGE 706 USE THE SMALL PAGE 

_ YES _ 

MATCHED TO A SMALL PAGE 
ADDRESS ? 704 NO 

Jan . 9 , 2018 

MATCHED TO A LARGE PAGE 
ADDRESS ? 708 YES RESOLUTION MODE ? 710 

USE THE PRESENT PARTS , FIND / FETCH ABSENT PARTS 712 

Sheet 7 of 7 

new DETERMINISTIC www 

PROBABILISTIC ( BLOOM FILTER ) 

USE THE PART 

PERFORM A SMALL PAGE LOOKUP FIND / FETCH 714 

PRESENT / MISMATCH 

BLOOM FILTER RESPONSE ? 716 

So yameamuannammannm PRESENT mammomnom 

718 

US 9 , 864 , 698 B2 

END 



US 9 , 864 , 698 B2 

10 

RESOLVING CACHE LOOKUP OF LARGE of large pages with variable granularity . An embodiment 
PAGES WITH VARIABLE GRANULARITY identifies a number of unused bits in an available number of 

bits , the available number of bits being configured to address TECHNICAL FIELD a page of data in memory , wherein the page exceeding a 
5 threshold size , and the page comprising a set of parts . The The present invention relates generally to a method , embodiment maps , using a processor , the unused bits to the system , and computer program product for accessing 

memory in a data processing system . More particularly , the plurality of parts such that a value of the unused bits 
present invention relates to a method , system , and computer corresponds to existence of a subset of the set of parts in a 
program product for resolving cache lookup of large pages memory . The embodiment translates a virtual address to a 
with variable granularity . physical address of a requested part in the set of parts . The 

embodiment determines , using the unused bits , whether the 
BACKGROUND requested part exists in the memory . 

Another embodiment includes a computer usable storage Data processing systems include memory devices for device including computer usable code for resolving cache storing , processing , and moving data . A memory device , or 15 lookup of large pages . The embodiment further includes memory , is generally a physical component of a data pro 
cessing system configured to store data . Physical memory in computer usable code for identifying a number of unused 
a data processing system can include any number of memory bits in an available number of bits , the available number of 
devices operating together as the memory available to bits being configured to address a page of data in memory , 
processes executing in the data processing system . 20 wherein the page exceeding a threshold size , and the page 

Physical memory is addressed using physical addresses comprising a set of parts . The embodiment further includes 
that point at locations in the physical memory . The physical computer usable code for mapping , using a processor , the 
addresses belong to a physical address space configured in unused bits to the plurality of parts such that a value of the 
the data processing system . A virtual address is an address unused bits corresponds to existence of a subset of the set of that has to be mapped to a physical address to access the data 25 25 parts in a memory . The embodiment further includes com stored in the location corresponding to the physical address . puter usable code for translating a virtual address to a A process executing in the data processing system does 
not reference the physical memory using physical addresses . physical address of a requested part in the set of parts . The 
The process can only use virtual addresses from a virtual embodiment further includes computer usable code for 
address space that is specified and configured for use by the determining , using the unused bits , whether the requested 
process . Other processes similarly use virtual addresses 30 part exists in the memory . 
from other virtual address spaces to access physical memory . Another embodiment includes a storage device including 

The virtual address to physical address mapping allows an a storage medium , wherein the storage device stores com 
operating system , or a memory management subsystem puter usable program code . The embodiment further 
thereof , to offer more memory in virtual form to the pro as includes a processor , wherein the processor executes the cesses that execute in the data processing system than is 35 
physically available in the data processing system . Further computer usable program code . The embodiment further 
more , the virtual address to physical address mapping allows includes computer usable code for identifying a number of 
an operating system , or a memory management subsystem unused bits in an available number of bits , the available 
thereof , to share some memory space amongst processes number of bits being configured to address a page of data in 
where the processes share common data , and keep the 40 memory , wherein the page exceeding a threshold size , and 
processes individual data separate from other processes . the page comprising a set of parts . The embodiment further 

A page frame , or a frame , is a fixed size chunk of physical includes computer usable code for mapping , using a pro 
memory that is mapped by a single translation entry in the cessor , the unused bits to the plurality of parts such that a 
memory management subsystem . When a process changes value of the unused bits corresponds to existence of a subset even a bit in a frame , the entire frame is deemed to have 45 of the set of parts in a memory . The embodiment further changed . When a process requests even a bit of data within includes computer usable code for translating a virtual a frame , the entire frame has to be resident in memory . If the 
frame of the requested data is not resident in memory , the address to a physical address of a requested part in the set of 

parts . The embodiment further includes computer usable memory management subsystem brings the entire frame into 
memory from a secondary data storage unit , such as a hard code for determining , using the unused bits , whether the 
disk drive , via a mechanism called a page fault . 50 requested part exists in the memory . 

A commonly used frame size is 4 kilobytes ( KB ) , which 
was established in the early days of computers , when BRIEF DESCRIPTION OF THE SEVERAL 
physical memory available in computers was of the order of VIEWS OF THE DRAWINGS 
KB or megabytes ( MB ) - significantly smaller than physical 
memories being configured in presently available computing 55 The novel features believed characteristic of the invention 
systems . For example , presently , data processing systems are set forth in the appended claims . The invention itself , 
having gigabytes ( GB ) of physical memory are common - however , as well as a preferred mode of use , further objec 
place , and systems with terabytes ( TB ) of physical memory tives and advantages thereof , will best be understood by 
are not uncommon . Modern operating systems allow reference to the following detailed description of the illus 
addressing using addresses that are 64 bits long , allowing for 60 trative embodiments when read in conjunction with the 
page frames that can be as large as the addressability of the accompanying drawings , wherein : 
system . FIG . 1 depicts a block diagram of a network of data 

processing systems in which illustrative embodiments may 
SUMMARY be implemented ; 

65 FIG . 2 depicts a block diagram of a data processing 
The illustrative embodiments provide a method , system , system in which illustrative embodiments may be imple 

and computer program product for resolving cache lookup mented ; 
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FIG . 3 depicts a block diagram of a configuration for large page ) including only those small frames that include 
resolving cache lookup of large pages with variable granu - changed portions of the large page , and other variations of 
larity in accordance with an illustrative embodiment ; large pages in use . 

FIG . 4 depicts a block diagram of a manner of determin - An overlapping mapping can exist when the large page 
istically resolving in - memory parts of a large page in accor - 5 has a missing portion ( a hole in the large page ) , or when a 
dance with an illustrative embodiment ; mapping includes a mapping to a modified portion ( such as 

FIG . 5 depicts a block diagram of a manner of probabi - in a copy - on - write ( COW ) operation ) . 
listically resolving in - memory parts of a large page in The illustrative embodiments recognize that when an 
accordance with an illustrative embodiment ; application requests a large page to be loaded into memory , 

FIG . 6 depicts a flowchart of an example process for generally , the application is interested in only a portion of 
resolving cache lookup of large pages with variable granu - the large page . Accordingly , the illustrative embodiments 
larity in accordance with an illustrative embodiment ; and recognize that only some parts of the requested large page 

FIG . 7 depicts a flowchart of another example process for can be brought into memory to service the page request from 
resolving cache lookup of large pages with variable granu - 15 the application . A COW operation is a good example where 
larity in accordance with an illustrative embodiment . this situation is encountered . In such an operation , a read 

only large page maps to only those small pages that have 
DETAILED DESCRIPTION been modified . 

The illustrative embodiments further recognize that load 
A virtual address is translated into a corresponding physi - 20 ing some parts and not other parts of a large page , such as 

cal address using a Translation Lookaside Buffer ( TLB ) . loading some constituent small pages and not other con 
TLB is a data structure that used for caching some of the stituent small pages of a large page , creates address trans 
mappings between the addresses in a given virtual address lation problems . For example , when parts of a large page are 
space and addresses in a given physical address space . available in the memory , such as in a COW operation , and 

A page table includes a page table entry ( PTE ) . A PTE 25 a request for the large page is received in the memory 
represents a page of data residing in physical memory . Some management system , it is presently difficult and computa 
but not all of the pages having corresponding page table tionally expensive to determine which parts of the requested 
entries in a page table are represented in a TLB . Finding a large page are represented by an overlapping small page 
mapping or match in a given TLB between a virtual address mapping , and whether the represented parts are sufficient to 
and a physical address indicates that the page is available in 30 service the request . 
the physical memory . Not finding a mapping or match in a Almost all page reference architectures in modern 
given TLB between a virtual address and a physical address memory management systems use some form of TLB to 
only indicates that there is a possibility that the page could cache page table data . Many architectures use multiple TLBs 
be available in the physical memory , and the page table 25 to cache different types or levels of page table data . The 
should be additionally checked before a definitive answer illustrative embodiments recognize that presently used 
can be had about the existence of the page in the physical TLBs of analogous architectures do not have an efficient 
memory . solution for identifying the parts of a large page that exist in 

Frames of up to a threshold size , such as 4 KB , are called memory . 
small frames or small pages . Frames of size larger than the 40 The illustrative embodiments used to describe the inven 
threshold size , such as larger than 4 KB , are called large tion generally address and solve the above - described prob 
frames or large pages . For example , some presently avail - lems and other problems related to resolving a cache hit of 
able data processing systems allow frames of 16 MB , which a large page to the large page ' s constituent small pages . The 
are 4096 times larger than the 4 KB small frames . In such an illustrative embodiments provide a method , system , and 
example case , 4 KB can be regarded as the threshold size , 4 45 computer program product for resolving cache lookup of 
KB frames are accordingly regarded as small frames , and 16 large pages with variable granularity . 
MB frames are regarded as large frames . Small pages and large pages can co - exist in a given 

The illustrative embodiments recognize that a large page memory . For accommodating and addressing a given 
can be regarded as comprising several small pages arranged amount of data , one needs fewer large pages than small 
contiguously . For example , a large page of 16 KB can be 50 pages . Accordingly , a smaller number of large pages have to 
thought of as four small pages of 4 KB each arranged be addressed as compared to the number of small pages in 
contiguously . Similarly , an example 64 KB large page a given memory . 
comprises sixteen parts , each a 4 KB small page in this Addressing a page in a page table or TLB is called page 
example , arranged contiguously . numbering . An embodiment recognizes that fewer bits are 

The embodiments described herein may be described 55 needed to address the smaller number of large pages in 
using contiguous small pages , but such description is only memory as compared to the number of bits needed to 
for the clarity of the description and not intended to be address small pages in the memory . An embodiment uses the 
limiting on the illustrative embodiments . While not com - surplus bits in a large page ' s page numbering to indicate 
monly used , a page table or a TLB according to an illustra - which of the constituent small pages of the large page are 
tive embodiment can be used to represent overlapped map - 60 available in memory or represented in an overlapped small 
ping of small pages and large pages . For example , the page mapping . 
following non - exhaustive list of overlapped mappings are One embodiment provides a definitive or deterministic 
also contemplated and supported within the scope of the answer as to which parts of a large page are available in 
illustrative embodiments — large pages comprising non - con memory or represented in an overlapped small page map 
tiguous small pages ( i . e . , large pages with holes in them ) , 65 ping . For example , the embodiment uses the surplus , extra , 
large pages comprising small pages to cover less than the or unused bits from the page numbering as a bitmask where 
full size of the large page , a large page ( such as a read - only each bit in the bitmask operates as a flag for a corresponding 
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part of the large page . If the part is present in memory , the The illustrative embodiments are described using specific 
corresponding bit flag in the bitmask receives one value , code , designs , architectures , protocols , layouts , schematics , 
otherwise another . and tools only as examples and are not limiting to the 

Another embodiment provides a probabilistic answer to illustrative embodiments . Furthermore , the illustrative 
the same question . For example , the embodiment uses the 5 embodiments are described in some instances using particu 
surplus , extra , or unused bits from the page numbering as a lar software , tools , and data processing environments only as 
Bloom filter for the presence or absence of certain parts of an example for the clarity of the description . The illustrative 
the large page . Bloom filter is a probabilistic membership embodiments may be used in conjunction with other com 
test that provides an answer with a threshold probability that parable or similarly purposed structures , systems , applica 
something is a member of a given set . A Bloom filter is not 10 tions , or architectures . An illustrative embodiment may be 
completely dependable because Bloom filter logic produces implemented in hardware , software , or a combination 
false positives . However , a Bloom filter never produces false thereof . 
negatives . In other words , when an answer from a Bloom The examples in this disclosure are used only for the 
filter indicates membership , that membership determination clarity of the description and are not limiting to the illus 
is correct only with a degree of probability . However , when 15 trative embodiments . Additional data , operations , actions , 
a Bloom filter indicates non - membership , that non - member - tasks , activities , and manipulations will be conceivable from 
ship is always correct . this disclosure and the same are contemplated within the 
One embodiment uses the unused bits as a Bloom filter to scope of the illustrative embodiments . 

probabilistically determine whether a part is absent in the Any advantages listed herein are only examples and are 
memory . Another embodiment uses the unused bits as a 20 not intended to be limiting to the illustrative embodiments . 
Bloom filter to probabilistically determine whether a part is Additional or different advantages may be realized by spe 
present in the memory . cific illustrative embodiments . Furthermore , a particular 

Using the Bloom filter to determine whether a part is illustrative embodiment may have some , all , or none of the 
absent in memory ( absence Bloom filter ) is preferable in advantages listed above . 
some implementations over the Bloom filter to determine 25 With reference to the figures and in particular with 
whether a part is present in memory ( presence Bloom filter ) . reference to FIGS . 1 and 2 , these figures are example 
This is so because if the absence Bloom filter answers diagrams of data processing environments in which illus 
affirmatively — that a part is a member of the set of absent trative embodiments may be implemented . FIGS . 1 and 2 are 
parts of a large page , that absence need not necessarily be only examples and are not intended to assert or imply any 
always correct , but when the absence Bloom filter nega - 30 limitation with regard to the environments in which different 
tively — that the part is not absent ( i . e . , the part is present ) , embodiments may be implemented . A particular implemen 
that part is definitely present in the memory . Some imple tation may make many modifications to the depicted envi 
mentation specific considerations , such as implementation ronments based on the following description . 
complexity , computation expense , or architectural limita - FIG . 1 depicts a block diagram of a network of data 
tions or nuances , may guide the choice between the absence 35 processing systems in which illustrative embodiments may 
Bloom filter embodiment and the presence Bloom filter be implemented . Data processing environment 100 is a 
embodiment . network of computers in which the illustrative embodiments 

Another embodiment provides a combination of proba - may be implemented . Data processing environment 100 
bilistic and deterministic answers to the same question . For includes network 102 . Network 102 is the medium used to 
example , when a system implements more than one size of 40 provide communications links between various devices and 
large pages , an embodiment provides deterministic answer computers connected together within data processing envi 
for one size of large pages , and a probabilistic answer for ronment 100 . Network 102 may include connections , such 
another size of large pages . as wire , wireless communication links , or fiber optic cables . 

Only for the clarity of the description , example sizes of 4 Server 104 and server 106 couple to network 102 along with 
KB and 16 KB and 64 KB are used as examples . The 45 storage unit 108 . Software applications may execute on any 
illustrative embodiments impose no restriction on the selec - computer in data processing environment 100 . 
tion of the threshold size for delineating small frames and In addition , clients 110 , 112 , and 114 couple to network 
large frames . Furthermore , an example 32 - bit addressing is 102 . A data processing system , such as server 104 or 106 , or 
used as an example for the clarity of the description and not client 110 , 112 , or 114 may contain data and may have 
as a limitation on the illustrative embodiments . An embodi - 50 software applications or software tools executing thereon . 
ment can be practiced with an addressing system of any size Only as an example , and without implying any limitation 
in a manner described herein and is contemplated within the to such architecture , FIG . 1 depicts certain components that 
scope of the illustrative embodiments . are useable in an embodiment . Modified page reference 

The illustrative embodiments are described with respect architecture 105 implements an embodiment described 
to , certain caches , buffers , tables , data structures , addressing 55 herein . 
systems , numbers of bits , data processing systems , environ - In the depicted example , server 104 may provide data , 
ments , components , and applications only as examples . Any such as boot files , operating system images , and applications 
specific manifestations of such artifacts are not intended to to clients 110 , 112 , and 114 . Clients 110 , 112 , and 114 may 
be limiting to the invention . Any suitable manifestation of be clients to server 104 in this example . Clients 110 , 112 , 
these and other similar artifacts can be selected within the 60 114 , or some combination thereof , may include their own 
scope of the illustrative embodiments . data , boot files , operating system images , and applications . 

Furthermore , the illustrative embodiments may be imple - Data processing environment 100 may include additional 
mented with respect to any type of data , data source , or servers , clients , and other devices that are not shown . 
access to a data source over a data network . Any type of data in the depicted example , data processing environment 100 
storage device may provide the data to an embodiment of the 65 may be the Internet . Network 102 may represent a collection 
invention , either locally at a data processing system or over of networks and gateways that use the Transmission Control 
a data network , within the scope of the invention . Protocol / Internet Protocol ( TCP / IP ) and other protocols to 
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communicate with one another . At the heart of the Internet An operating system runs on processing unit 206 . The 
is a backbone of data communication links between major operating system coordinates and provides control of vari 
nodes or host computers , including thousands of commer ous components within data processing system 200 in FIG . 
cial , governmental , educational , and other computer systems 2 . The operating system may be a commercially available 
that route data and messages . Of course , data processing 5 operating system such as AIX® ( AIX is a trademark of 
environment 100 also may be implemented as a number of International Business Machines Corporation in the United 
different types of networks , such as for example , an intranet , States and other countries ) , Microsoft® Windows® ( Micro 
a local area network ( LAN ) , or a wide area network ( WAN ) . soft and Windows are trademarks of Microsoft Corporation 
FIG . 1 is intended as an example , and not as an architectural in the United States and other countries ) , or Linux® ( Linux 
limitation for the different illustrative embodiments . 10 is a trademark of Linus Torvalds in the United States and 
Among other uses , data processing environment 100 may other countries ) . An object oriented programming system , 

be used for implementing a client - server environment in such as the JavaTM programming system , may run in con 
which the illustrative embodiments may be implemented . A junction with the operating system and provides calls to the 
client - server environment enables software applications and 15 operating system from JavaTM programs or applications 
data to be distributed across a network such that an appli - executing on data processing system 200 ( Java and all 
cation functions by using the interactivity between a client Java - based trademarks and logos are trademarks or regis 
data processing system and a server data processing system . tered trademarks of Oracle Corporation and / or its affiliates ) . 
Data processing environment 100 may also employ a service Instructions for the operating system , the object - oriented 
oriented architecture where interoperable software compo - 20 programming system , and applications or programs , such as 
nents distributed across a network may be packaged together application 105 in FIG . 1 , are located on storage devices , 
as coherent business applications . such as hard disk drive 226 , and may be loaded into at least 

With reference to FIG . 2 , this figure depicts a block one of one or more memories , such as main memory 208 , for 
diagram of a data processing system in which illustrative execution by processing unit 206 . The processes of the 
embodiments may be implemented . Data processing system 25 illustrative embodiments may be performed by processing 
200 is an example of a computer , such as server 104 or client unit 206 using computer implemented instructions , which 
110 in FIG . 1 , or another type of device in which computer may be located in a memory , such as , for example , main 
usable program code or instructions implementing the pro memory 208 , read only memory 224 , or in one or more 
cesses may be located for the illustrative embodiments . peripheral devices . In the depicted example , data processing system 200 30 The hardware in FIGS . 1 - 2 may vary depending on the employs a hub architecture including North Bridge and implementation . Other internal hardware or peripheral memory controller hub ( NB / MCH ) 202 and South Bridge devices , such as flash memory , equivalent non - volatile and input / output ( 1 / 0 ) controller hub ( SB / ICH ) 204 . Pro 
cessing unit 206 , main memory 208 , and graphics processor memory , or optical disk drives and the like , may be used in 
210 are coupled to North Bridge and memory controller hub 35 2 addition to or in place of the hardware depicted in FIGS . 1 - 2 . 

( NB / MCH ) 202 . Processing unit 206 may contain one or In addition , the processes of the illustrative embodiments 
more processors and may be implemented using one or more may be applied to a multiprocessor data processing system . 
heterogeneous processor systems . Processing unit 206 may In some illustrative examples , data processing system 200 
be a multi - core processor . Graphics processor 210 may be may be a personal digital assistant ( PDA ) , which is generally 
coupled to NB / MCH 202 through an accelerated graphics 40 configured with flash memory to provide non - volatile 
port ( AGP ) in certain implementations . memory for storing operating system files and / or user 

In the depicted example , local area network ( LAN ) generated data . A bus system may comprise one or more 
adapter 212 is coupled to South Bridge and I / O controller buses , such as a system bus , an I / O bus , and a PCI bus . Of 
hub ( SB / ICH ) 204 . Audio adapter 216 , keyboard and mouse course , the bus system may be implemented using any type 
adapter 220 , modem 222 , read only memory ( ROM ) 224 , 45 of communications fabric or architecture that provides for a 
universal serial bus ( USB ) and other ports 232 , and PCI transfer of data between different components or devices 
PCIe devices 234 are coupled to South Bridge and I / O attached to the fabric or architecture . 
controller hub 204 through bus 238 . Hard disk drive ( HDD ) A communications unit may include one or more devices 
or solid - state drive ( SSD ) 226 and CD - ROM 230 are used to transmit and receive data , such as a modem or a 
coupled to South Bridge and I / O controller hub 204 through 50 network adapter . A memory may be , for example , main 
bus 240 . PCI / PCIe devices 234 may include , for example , memory 208 or a cache , such as the cache found in North 
Ethernet adapters , add - in cards , and PC cards for notebook Bridge and memory controller hub 202 . A processing unit 
computers . PCI uses a card bus controller , while PCIe does may include one or more processors or CPUs . 
not . ROM 224 may be , for example , a flash binary input / The depicted examples in FIGS . 1 - 2 and above - described 
output system ( BIOS ) . Hard disk drive 226 and CD - ROM 55 examples are not meant to imply architectural limitations . 
230 may use , for example , an integrated drive electronics For example , data processing system 200 also may be a 
( IDE ) , serial advanced technology attachment ( SATA ) inter - tablet computer , laptop computer , or telephone device in 
face , or variants such as external - SATA ( ESATA ) and micro - addition to taking the form of a PDA . 
SATA ( mSATA ) . A super 1 / 0 ( SIO ) device 236 may be With reference to FIG . 3 , this figure depicts a block 
coupled to South Bridge and I / O controller hub ( SB / ICH ) 60 diagram of a configuration for resolving cache lookup of 
204 through bus 238 . large pages with variable granularity in accordance with an 
Memories , such as main memory 208 , ROM 224 , or flash illustrative embodiment . TLB 302 is a modified TLB 

memory ( not shown ) , are some examples of computer according to an embodiment . TLB 302 or an equivalent 
usable storage devices . Hard disk drive or solid state drive thereof can be implemented in a page reference architecture 
226 , CD - ROM 230 , and other similarly usable devices are 65 to form modified page reference architecture 105 in FIG . 1 . 
some examples of computer usable storage devices includ - TLB 302 is depicted as a table including certain columns 
ing a computer usable storage medium . only as an example for the clarity of the description . Other 
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structures suitable for a similar purpose , as of TLB 302 , are memory of each part of a large page , an embodiment uses 
contemplated within the scope of the illustrative embodi unused bits 404 as a bitmask . The bitmask is a deterministic 
ments . way of resolving the presence or absence of large page parts 

TLB 302 includes columns 304 and 306 to map virtual in memory . In other words , the bits in such a bitmask 
addresses to physical addresses , such as to physical 5 definitively indicate the presence or absence of the corre 
addresses in memory 208 in FIG . 2 . An entry in column 304 sponding large page parts in memory . 
in a particular row represents a virtual address . An entry in For example , in one example , assume that large page 402 
column 306 in the same row represents the corresponding is a 16 KB page , comprising four 4 KB small pages , namely 
matched or mapped physical address for that virtual address . parts 406 , 408 , 410 , and 412 . Unused bits 404 include four 
TLB 302 can , and often does , include other columns . For 10 bits , 416 , 418 , 420 , and 422 . Bit 416 represents the in 
example , entries in column 308 represent the size of memory memory status of part 406 , bit 418 represents the in - memory 
page addressed , entries in column 310 represent any flags status of part 408 , bit 420 represents the in - memory status of 
associated with the mapping or the memory page . Any part 410 , and bit 422 represents the in - memory status of part 
number of these and other column 312 can be implemented 412 . 
in TLB 302 within the scope of the illustrative embodiments . 15 In one embodiment , bit value “ O ” represents that a cor 
Assume for example , that the system where TLB 302 is responding part is in memory , and bit value “ 1 ” represents 

implemented uses 4 KB small page , and 64 KB large pages . that the corresponding part is not in memory . Accordingly , 
Assume , as an example , a 32 bit memory addressing system value “ 0101 ” represented in unused bits 404 indicates that 
in use in such a system . For small page of 4 KB size , twelve parts 408 and 412 of large page 402 are in memory and parts 
bits are used for addressing the 4 KB data within the page , 20 406 and 410 are not in memory . 
leaving twenty of the thirty two bits for addressing the small An embodiment can use different bit values to similarly 
page itself . represent the presence or absence of parts in memory within 

A memory addressing system including TLB has to be the scope of the illustrative embodiments . For example , in 
able to address the smallest page size in use . Thus , in an one embodiment ( not shown ) , bit value “ 1 ” represents that 
example 32 - bit system , twenty bits are available for page 25 a corresponding part is in memory , and bit value " O " 
numbering , and twelve bits are available for addressing the represents that the corresponding part is not in memory . 
data within a page . Accordingly , in such an embodiment , value “ 1010 ” in 
Now assume that only sixteen bits are needed for page unused bits 404 would indicate that parts 408 and 412 of 

numbering of 64 KB large pages . Thus , when the 64 KB large page 402 are in memory and parts 406 and 410 are not 
large pages are used along with 4 KB small pages in the 32 30 in memory . 
bit system , only sixteen of the available 20 bits are needed With reference to FIG . 5 , this figure depicts a block 
for the page numbering the large pages , leaving four bits diagram of a manner of probabilistically resolving 
from the twenty page numbering bits unused . in - memory parts of a large page in accordance with an 
TLB 302 includes mappings for addresses for such a mix illustrative embodiment . Large page 502 is an example of 

of small pages and large pages . For example , row 314 maps 35 the large page represented by large page address 320 in FIG . 
a virtual address to physical address of a small page ( small 3 . Unused bits 504 are an example of unused bits 322 in FIG . 
page address 316 ) and row 318 maps a virtual address to a 3 . 
physical address of a large page ( large page address 320 ) . In some addressing systems , the number of parts of the 

A detailed view of small page address 316 shows the large page may exceed the number of unused bits available 
example 32 - bit address comprising twenty bits for page 40 in that system . For example , a 32 - bit addressing system in 
numbering and twelve bits for internal addressing within the FIG . 3 can potentially allow four unused bits , as in unused 
numbered page . A detailed view of large page address 320 bits 504 , which are insufficient to represent the existence in 
shows the example 32 - bit address comprising twenty avail - memory of each of sixteen 4 KB parts of a 64 KB large page , 
able bits for page numbering of which four bits are extra or a s in large page 502 , with an unused bit . 
unused for numbering a large page ( unused bits 322 ) , and 45 Under such circumstances , when the number of unused 
twelve bits for internal addressing within the numbered bits unused bits 404 is insufficient to represent the existence 
page . An embodiment uses unused bits 322 for large page in memory of each part of a large page , an embodiment uses 
parts resolution , to wit , resolving which parts of the num - unused bits 404 as a Bloom filter . The Bloom filter is a 
bered large page probabilistically or definitively exist in probabilistic way of resolving the presence or absence of 
memory . 50 large page parts in memory . In other words , the bits in 

With reference to FIG . 4 , this figure depicts a block Bloom filter 504 indicate a probability of the presence or 
diagram of a manner of deterministically resolving in - absence of the corresponding large page parts in memory . 
memory parts of a large page in accordance with an illus - When the Bloom filter indicates that a part may be absent 
trative embodiment . Large page 402 is an example of the from memory , an embodiment verifies the validity of the 
large page represented by large page address 320 in FIG . 3 . 55 absence using a page table . If the page table indicates that 
Unused bits 404 are an example of unused bits 322 in FIG . the part is not absent but present in the memory , the 

embodiment finds the part in memory and uses the part . If 
In some addressing systems , the number of unused bits the page table agrees with the Bloom filter , the embodiment 

can be at least equal to or may even exceed a number of parts fetches the part from data storage . 
of the large page used in that system . For example , a 64 - bit 60 The logic of the Bloom filter can be configured in addi 
addressing system used instead of the example 32 - bit tional ways within the scope of the illustrative embodiments . 
addressing system in FIG . 3 can potentially allow 36 unused For example , in one embodiment , Bloom filter 504 indicates 
bits , which are more than sufficient to represent the existence not whether a part is absent from memory , but whether a part 
in memory of each of sixteen 4 KB parts of a 64 KB large is usable from memory . For example , even if a part exists in 
page with an unused bit . 65 memory , the part may be obsolete , unusable , or subject to an 

Under such circumstances , when the number of unused exception ( collectively , the part may be mismatched ) , for 
bits unused bits 404 is sufficient to represent the existence in example , due to another operation relative to the part . In 
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such a case , the embodiment confirms whether the part is in absence of the matching part , and a positive probabilistic 
fact mismatched , and retrieves the part from another location answer when the part is present in memory . This and other 
if the part is mismatched . similarly purposed modifications to process 600 are con 

Note that the embodiments providing deterministic reso templated within the scope of the illustrative embodiments . 
lution of parts and probabilistic resolution of parts can be 5 With reference to FIG . 7 , this figure depicts a flowchart of 
implemented together or separately . For example , suppose another example process for resolving cache lookup of large 
that modified page reference architecture 105 of FIG . 1 may pages with variable granularity in accordance with an illus 
implement more than one TLBs . In one implementation , one trative embodiment . Process 700 can be implemented in 
TLB in modified page reference architecture 105 imple - page reference architecture 105 in FIG . 1 , such as by using 
ments the deterministic resolution embodiment , and another 10 a combination of unused bits 404 in FIG . 4 and unused bits 
TLB implements the probabilistic resolution embodiment . 504 in FIG . 5 . 
In another implementation , one TLB in page reference The architecture receives a virtual address from an appli 
architecture 105 implements both — probabilistic and deter - cation , such as in a request for data from a page or part 
ministic resolution embodiments simultaneously . thereof , ( block 702 ) . The architecture determines whether 

With reference to FIG . 6 , this figure depicts a flowchart of 15 the virtual address has a matching physical address for a 
an example process for resolving cache lookup of large small page , to wit , a matching small page address in a TLB 
pages with variable granularity in accordance with an illus described herein ( block 704 ) . If the virtual address has a 
trative embodiment . Process 600 can be implemented in matching small page address in the TLB ( “ Yes ” path of 
page reference architecture 105 in FIG . 1 , such as by using block 704 ) , the architecture uses the small page located at 
unused bits 504 in FIG . 5 . 20 the matching small page address ( block 706 ) . The architec 

The architecture receives a virtual address from an appli - ture ends process 700 thereafter . 
cation ( block 602 ) . The architecture determines whether the If the virtual address does not match a small page address 
virtual address has a matching physical address for a small in the TLB ( “ No ” path of block 704 ) , the architecture 
page , to wit , a matching small page address in a TLB determines whether the virtual address has a matching 
described herein ( block 604 ) . If the virtual address has a 25 physical address for a large page , to wit , a matching large 
matching small page address in the TLB ( “ Yes ” path of page address in a TLB described herein ( block 708 ) . If the 
block 604 ) , the architecture uses the small page located at virtual address does not have a matching large page address 
the matching small page address ( block 606 ) . The architec in the TLB ( “ No ” path of block 708 ) , the architecture 
ture ends process 600 thereafter . performs a small page lookup in a page table to find or fetch 

If the virtual address does not match a small page address 30 the page or part of a page that matches with the virtual 
in the TLB ( “ No ” path of block 604 ) , the architecture address ( block 714 ) . The architecture ends process 700 
determines whether the virtual address has a matching thereafter . 
physical address for a large page , to wit , a matching large I f the virtual address has a matching large page address in 
page address in a TLB described herein ( block 608 ) . If the the TLB ( “ Yes ” path of block 708 ) , the architecture deter 
virtual address does not have a matching large page address 35 mines a resolution mode used with the large page address 
in the TLB ( “ No ” path of block 608 ) , the architecture ( block 710 ) . When both deterministic resolution mode of 
performs a small page lookup in a page table to find or fetch FIG . 4 and probabilistic resolution mode of FIG . 5 are 
the page or part of a page that matches with the virtual implemented in a TLB , an embodiment has to identify the 
address ( block 614 ) . The architecture ends process 600 resolution mode that a particular large page address uses . In 
thereafter . 40 one embodiment , the page size of the large page in question 

If the virtual address has a matching large page address in can indicate how many unused bits exist in that large page ' s 
the TLB ( “ Yes ” path of block 608 ) , the architecture further address and the embodiment can infer the resolution mode 
determines a Bloom filter response as to the requested part from the number of unused bits in the large page ' s address . 
of the large page ( block 610 ) . For example , at block 610 , the In another embodiment , the embodiment designates one 
architecture determines whether a Bloom filter implemented 45 of the unused bits as a flag or marker to indicate the 
using the unused bits in the large page numbering indicates resolution mode choice with that large page address . For 
that the requested part of the large page is present in example , a bit value of “ 1 ” may indicate that the determin 
memory , or is absent or mismatched in memory . istic mode is in use , and a value of “ O ” may indicate that the 

As described earlier , one embodiment implements the probabilistic mode is in use , or vice - versa . 
Bloom filter to provide a positive probability answer of the 50 In another embodiment , the embodiment uses one of the 
absence of the matching part , and accordingly a negative columns , such as column 312 in TLB 302 in FIG . 3 , as a flag 
answer when the part is present in memory . Using such an or marker to indicate the resolution mode choice with that 
embodiment as an example and without implying a limita large page address . For example , a bit value of “ 1 ” in that 
tion thereto , if the architecture determines that the Bloom column may indicate that the deterministic mode is in use , 
filter response indicates a presence of the part ( “ Present ” 55 and a value of “ 0 ” in that column may indicate that the 
path of block 610 ) , the architecture is assured of the pres - probabilistic mode is in use , or vice - versa . More than one 
ence of the part and therefore uses the part ( block 612 ) . The unused bit or more than one bit in the column can be used 
architecture ends process 600 thereafter . for similar indications within the scope of the illustrative 

If the Bloom filter indicates an absence or mismatch of the embodiments . 
part requested at the virtual address ( “ Not present / mis - 60 If the architecture determines that the deterministic reso 
match ” path of block 610 ) , the architecture performs a small lution mode is in use ( “ Deterministic ” path of block 710 ) , 
page lookup in a page table to find or fetch the page or part the architecture uses the part , if indicated present in memory , 
of a page that matches with the virtual address at block 614 . or finds or fetches the part , if indicated absent in memory 
The architecture ends process 600 thereafter . ( block 712 ) . The architecture ends process 700 thereafter . 

Those of ordinary skill in the art will be able to modify 65 If the architecture determines that the probabilistic reso 
process 600 to operate in a similar manner when the Bloom lution mode is in use ( “ Probabilistic " path of block 710 ) , the 
filter is implemented to provide a negative answer for the architecture further determines a Bloom filter response as to 
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the requested part of the large page ( block 716 ) . For present invention may take the form of an entirely hardware 
example , at block 716 , the architecture determines whether embodiment , an entirely software embodiment ( including 
a Bloom filter implemented using the unused bits in the large firmware , resident software , micro - code , etc . ) or an embodi 
page numbering indicates that the requested part of the large m ent combining software and hardware aspects that may all 
page is present in memory , or is absent or mismatched in 5 generally be referred to herein as a “ circuit , ” “ module ” or 
memory . “ system . ” Furthermore , aspects of the present invention may 

Assume again , only as an example and without implying take the form of a computer program product embodied in 
a limitation on the illustrative embodiments , the Bloom filter one or more computer readable storage device ( s ) or com 
implementation as in process 600 in FIG . 6 . The example puter readable media having computer readable program 
implementation of the Bloom filter in process 700 also 10 code embodied thereon . 
provides a positive probability answer of the absence of the Any combination of one or more computer readable 
matching part , and accordingly a negative answer when the storage device ( s ) or computer readable media may be uti 
part is present in memory . lized . The computer readable medium may be a computer 

Using such an embodiment as an example , if the archi readable storage medium . A computer readable storage 
tecture determines that the Bloom filter response indicates a 15 device may be , for example , but not limited to , an electronic , 
presence of the part ( “ Present " path of block 716 ) , the magnetic , optical , electromagnetic , or semiconductor sys 
architecture is assured of the presence of the part and tem , apparatus , or device , or any suitable combination of the 
therefore uses the part ( block 718 ) . The architecture ends foregoing . More specific examples ( a non - exhaustive list ) of 
process 700 thereafter . the computer readable storage device would include the 

If the Bloom filter indicates an absence or mismatch of the 20 following : a portable computer diskette , a hard disk , a 
part requested at the virtual address ( “ Not present / mis random access memory ( RAM ) , a read - only memory 
match ” path of block 716 ) , the architecture performs a small ( ROM ) , an erasable programmable read - only memory 
page lookup in a page table to find or fetch the page or part ( EPROM or Flash memory ) , an optical fiber , a portable 
of a page that matches with the virtual address at block 714 . compact disc read - only memory ( CD - ROM ) , an optical 
The architecture ends process 700 thereafter . 25 storage device , a magnetic storage device , or any suitable 
Some modifications of process 600 are described with combination of the foregoing . In the context of this docu 

respect to FIG . 6 and are contemplated within the scope of ment , a computer readable storage device may be any 
the illustrative embodiments . Those of ordinary skill in the tangible device or medium that can store a program for use 
art will be able to modify process 700 in a similar manner . by or in connection with an instruction execution system , 
This and other similarly purposed modifications to process 30 apparatus , or device . The term “ computer readable storage 
700 are also contemplated within the scope of the illustrative device , " or variations thereof , does not encompass a signal 
embodiments . propagation media such as a copper cable , optical fiber or 

The flowchart and block diagrams in the Figures illustrate wireless transmission media . 
the architecture , functionality , and operation of possible Program code embodied on a computer readable storage 
implementations of systems , methods , and computer pro - 35 device or computer readable medium may be transmitted 
gram products according to various embodiments of the using any appropriate medium , including but not limited to 
present invention . In this regard , each block in the flowchart wireless , wireline , optical fiber cable , RF , etc . , or any 
or block diagrams may represent a module , segment , or suitable combination of the foregoing . 
portion of code , which comprises one or more executable Computer program code for carrying out operations for 
instructions for implementing the specified logical 40 aspects of the present invention may be written in any 
function ( s ) . It should also be noted that , in some alternative combination of one or more programming languages , 
implementations , the functions noted in the block may occur including an object oriented programming language such as 
out of the order noted in the figures . For example , two blocks Java , Smalltalk , C + + or the like and conventional procedural 
shown in succession may , in fact , be executed substantially programming languages , such as the “ C ” programming 
concurrently , or the blocks may sometimes be executed in 45 language or similar programming languages . The program 
the reverse order , depending upon the functionality code may execute entirely on the user ' s computer , partly on 
involved . It will also be noted that each block of the block the user ' s computer , as a stand - alone software package , 
diagrams and / or flowchart illustration , and combinations of partly on the user ' s computer and partly on a remote 
blocks in the block diagrams and / or flowchart illustration , computer or entirely on the remote computer or server . In the 
can be implemented by special purpose hardware - based 50 latter scenario , the remote computer may be connected to the 
systems that perform the specified functions or acts , or user ' s computer through any type of network , including a 
combinations of special purpose hardware and computer local area network ( LAN ) or a wide area network ( WAN ) , or 
instructions . the connection may be made to an external computer ( for 

Thus , a computer implemented method , system , and example , through the Internet using an Internet Service 
computer program product are provided in the illustrative 55 Provider ) . 
embodiments for resolving cache lookup of large pages with Aspects of the present invention are described herein with 
variable granularity . An embodiment modifies an existing reference to flowchart illustrations and / or block diagrams of 
TLB or a similarly purposed cache structure in a page methods , apparatus ( systems ) and computer program prod 
reference architecture . The modified page reference archi - ucts according to embodiments of the invention . It will be 
tecture using the modified TLB or similarly purposed cache 60 understood that each block of the flowchart illustrations 
structure facilitates a quicker and less expensive determina - and / or block diagrams , and combinations of blocks in the 
tion of the existence of a part of a large page in memory , as flowchart illustrations and / or block diagrams , can be imple 
compared to any presently used method for locating parts of mented by computer program instructions . These computer 
a large page in memory . program instructions may be provided to one or more 
As will be appreciated by one skilled in the art , aspects of 65 processors of one or more general purpose computers , 

the present invention may be embodied as a system , method , special purpose computers , or other programmable data 
or computer program product . Accordingly , aspects of the processing apparatuses to produce a machine , such that the 
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instructions , which execute via the one or more processors responds to an existence of a particular subset of the 
of the computers or other programmable data processing small pages in a memory , different bitmasks repre 
apparatuses , create means for implementing the functions / sented by the unused bits corresponding to different 
acts specified in the flowchart and / or block diagram block or subsets of small pages existing in the memory ; 
blocks . translating a virtual address to a physical address of a 

These computer program instructions may also be stored requested small page of the large page ; and 
in one or more computer readable storage devices or com determining , using the particular bitmask represented by 
puter readable media that can direct one or more computers , the unused bits , whether the requested small page of the one or more other programmable data processing appara large page is a member of the particular subset of small tuses , or one or more other devices to function in a particular 10 pages that exists in the memory . manner , such that the instructions stored in the one or more 2 . The method of claim 1 , further comprising : computer readable storage devices or computer readable setting , in a Translation Lookaside Buffer ( TLB ) an medium produce an article of manufacture including instruc indication corresponding to the address of the page , the tions which implement the function / act specified in the 

indication indicating whether one of ( i ) a deterministic flowchart and / or block diagram block or blocks . 
The computer program instructions may also be loaded mode of resolution is to be used with the unused bits , 

onto one or more computers , one or more other program and ( ii ) a probabilistic mode of resolution is to be used 
mable data processing apparatuses , or one or more other with the unused bits . 
devices to cause a series of operational steps to be performed 3 . The method of claim 1 , further comprising : 
on the one or more computers , one or more other program - 20 setting a portion of the unused bits as an indication of one 
mable data processing apparatuses , or one or more other of ( i ) a deterministic mode of using the unused bits , and 
devices to produce a computer implemented process such ( ii ) a probabilistic mode of using the unused bits . 
that the instructions which execute on the one or more 4 . The method of claim 1 , wherein the mapping further 
computers , one or more other programmable data processing comprises : 
apparatuses , or one or more other devices provide processes 25 associating , responsive to the number of unused bits being 
for implementing the functions / acts specified in the flow at least equal to a number of small pages in the set of 
chart and / or block diagram block or blocks . small pages , an unused bit in the unused bits with a 

The terminology used herein is for the purpose of describ particular small page in the set of small pages , wherein 
ing particular embodiments only and is not intended to be a value of the unused bit in the unused bits indicates a 
limiting of the invention . As used herein , the singular forms 30 presence of the particular small page in the memory . 
“ a , " " an ” and “ the ” are intended to include the plural forms 5 . The method of claim 1 , wherein the mapping further 
as well , unless the context clearly indicates otherwise . It will comprises : 
be further understood that the terms " comprises ” and / or configuring , responsive to the number of unused bits 
" comprising , " when used in this specification , specify the being less than a number of small pages in the set of 
presence of stated features , integers , steps , operations , ele - 35 small pages , the unused bits as a Bloom filter , wherein 
ments , and / or components , but do not preclude the presence the Bloom filter output provides a probability of a 
or addition of one or more other features , integers , steps , particular small page in the set of small pages being 
operations , elements , components , and / or groups thereof . absent in the memory . 

The corresponding structures , materials , acts , and equiva 6 . The method of claim 1 , wherein the mapping further 
lents of all means or step plus function elements in the 40 comprises : 
claims below are intended to include any structure , material , configuring , responsive to the number of unused bits 
or act for performing the function in combination with other being less than a number of small pages in the set of 
claimed elements as specifically claimed . The description of small pages , the unused bits as a Bloom filter , wherein 
the present invention has been presented for purposes of the Bloom filter output provides a probability of a 
illustration and description , but is not intended to be exhaus - 45 particular small page in the set of small pages being 
tive or limited to the invention in the form disclosed . Many present in the memory . 
modifications and variations will be apparent to those of 7 . The method of claim 1 , further comprising : 
ordinary skill in the art without departing from the scope and receiving a request for the requested small page , the 
spirit of the invention . The embodiments were chosen and request including the virtual address ; 
described in order to best explain the principles of the 50 determining that the virtual address translates to a physi 
invention and the practical application , and to enable others cal address of the page and that the requested small 
of ordinary skill in the art to understand the invention for page is responsive to the request ; 
various embodiments with various modifications as are determining , responsive to a mode indication in an 
suited to the particular use contemplated . address translation cache indicating a probabilistic 
What is claimed is : 55 mode of using the unused bits to indicate a probability 
1 . A method for resolving cache lookup of large pages , the of absence of a subset of small pages in the memory , 

method comprising : whether the requested small page is absent from the 
identifying a number of unused bits in an available memory ; 
number of bits , the available number of bits being performing , responsive to an indication of the probability 
configured to address a large page of data in memory , 60 of absence of the requested small page in the memory , 
wherein the large page exceeds a threshold size , and the a page table lookup to verify the absence of the 
large page comprising a set of small pages , and wherein requested small page in the memory . 
each small page in the set of small pages comprises a 8 . The method of claim 7 , further comprising : 
plurality of bits up to the threshold size ; locating the requested small page in the memory respon 

mapping , using a processor , the unused bits to the plu - 65 sive to performing the page table lookup ; and 
rality of small pages of the large page such that a responding to the request with the requested small page 
particular bitmask represented by the unused bits cor from the memory . 

55 
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9 . The method of claim 7 , further comprising : computer usable code for setting a portion of the unused 
failing , responsive to performing the page table lookup , to bits as an indication of one of ( i ) a deterministic mode 

locate the requested small page in the memory ; of using the unused bits , and ( ii ) a probabilistic mode 
fetching the requested small page from a data storage ; and of using the unused bits . 
responding to the request with the requested small page . 5 15 . The computer usable program product of claim 12 , 
10 . The method of claim 1 , further comprising : wherein the computer usable code for mapping further 
receiving a request for the requested small page , the comprises : 

request including the virtual address ; computer usable code for associating , responsive to the 
determining that the virtual address translates to a physi number of unused bits being at least equal to a number 

cal address of the page and that the requested small 10 of small pages in the set of small pages , an unused bit 
page is responsive to the request ; in the unused bits with a particular small page in the set 

determining , responsive to a mode indication in an of small pages , wherein a value of the unused bit in the 
address translation cache indicating a deterministic unused bits indicates a presence of the particular small 
mode of using the unused bits to indicate a presence of page in the memory . 
a subset of small pages in the memory , whether the 16 . The computer usable program product of claim 12 , 
requested small page is present in the memory ; wherein the computer usable code for mapping further 

fetching , responsive to an indication of absence of the comprises : 
requested small page in the memory , the requested computer usable code for configuring , responsive to the 
small page from a data storage . number of unused bits being less than a number of 

11 . The method of claim 1 , further comprising : small pages in the set of small pages , the unused bits as 
determining the number of the unused bits in the address a Bloom filter , wherein the Bloom filter output provides 

of the page ; and a probability of a particular small page in the set of 
inferring from the number of the unused bits in the small pages being absent in the memory . 

address , whether one of ( i ) a deterministic mode of 25 17 . The computer usable program product of claim 12 , 
resolution is to be used with the unused bits , and ( ii ) a wherein the computer usable code for mapping further 
probabilistic mode of resolution is to be used with the comprises : 
unused bits . computer usable code for configuring , responsive to the 

12 . A computer usable program product comprising a number of unused bits being less than a number of 
computer usable storage device including computer usables small pages in the set of small pages , the unused bits as 
code for resolving cache lookup of large pages , the computer a Bloom filter , wherein the Bloom filter output provides 
usable code comprising : a probability of a particular small page in the set of 

computer usable code for identifying a number of unused small pages being present in the memory . 
bits in an available number of bits , the available num 35 5 18 . The computer usable program product of claim 12 , 
ber of bits being configured to address a large page of wherein the computer usable code is stored in a computer 
data in memory , wherein the large page exceeds a readable storage medium in a data processing system , and 
threshold size , and the large page comprising a set of wherein the computer usable code is transferred over a 
small pages , and wherein each small page in the set of network from a remote data processing system . 
small pages comprises a plurality of bits up to the 40 19 . The computer usable program product of claim 12 , 
threshold size ; wherein the computer usable code is stored in a computer 

computer usable code for mapping , using a processor , the readable storage medium in a server data processing system , 
unused bits to the plurality of small pages of the large and wherein the computer usable code is downloaded over 
page such that a particular bitmask represented by the a network to a remote data processing system for use in a 
unused bits corresponds to an existence of a particular 45 computer readable storage medium associated with the 
subset of the small pages in a memory , different bit remote data processing system . 
masks represented by the unused bits corresponding to 20 . A data processing system for resolving cache lookup 
different subsets of small pages existing in the memory ; of large pages , the data processing system comprising : 

computer usable code for translating a virtual address to a storage device including a storage medium , wherein the 
a physical address of a requested small page of the large 30 storage device stores computer usable program code ; 

and page ; and a processor , wherein the processor executes the computer computer usable code for determining , using the particu usable program code , and wherein the computer usable lar bitmask represented by the unused bits , whether the program code comprises : requested small page of the large page is a member of ss . 55 computer usable code for identifying a number of unused the particular subset of small pages that exists in the bits in an available number of bits , the available num memory . ber of bits being configured to address a large page of 13 . The computer usable program product of claim 12 , data in memory , wherein the large page exceeds a further comprising : threshold size , and the large page comprising a set of 
computer usable code for setting , in a Translation Looka - 60 small pages , and wherein each small page in the set of 

side Buffer ( TLB ) an indication corresponding to the small pages comprises a plurality of bits up to the 
address of the page , the indication indicating whether threshold size ; 
one of ( i ) a deterministic mode of resolution is to be computer usable code for mapping , using the processor , 
used with the unused bits , and ( ii ) a probabilistic mode the unused bits to the plurality of small pages of the 
of resolution is to be used with the unused bits . 65 large page such that a particular bitmask represented by 

14 . The computer usable program product of claim 12 , the unused bits corresponds to an existence of a par 
further comprising : ticular subset of the small pages in a memory , different 
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bitmasks represented by the unused bits corresponding 
to different subsets of small pages existing in the 
memory ; 

computer usable code for translating a virtual address to 
a physical address of a requested small page of the large 5 
page ; and 

computer usable code for determining , using the particu 
lar bitmask represented by the unused bits , whether the 
requested small page of the large page is a member of 
the particular subset of small pages that exists in the 10 
memory . 

* * * * * 


